Aims/hypothesis The transcription factor forkhead box O1 (FOXO1) induces pancreatic islet beta cell endoplasmic reticulum stress and is involved in fatty-acid-induced insulinsecretion defects. Cask is a downstream target gene of FOXO1. Using INS-1 cells with palmitate-induced insulinrelease defects, we investigated the relationship between FOXO1 and Cask. Methods The expression levels and location of calcium/ calmodulin-dependent serine protein kinase (CASK) and FOXO1 were evaluated by real-time PCR, western blotting and immunofluorescence. The regulation of Cask by FOXO1 was examined using chromatin immunoprecipitation (ChIP) and luciferase assays. Potassium-stimulated insulin-secretion assays were used to verify the function of INS-1 cells and islets. Electron microscopy was used to establish the anchoring process of the insulin granules after CASK knockdown in islets. Results Palmitic acid reduced CASK levels and increased FOXO1 levels. ChIP and luciferase assays demonstrated FOXO1 binding with the Cask promoter, which was enhanced by palmitate treatment. CASK knockdown reduced insulin release in INS-1 cells and primary islets, and Cask overexpression reversed the palmitate-induced insulin reduction. CASK knockdown attenuated forskolin-enhanced insulin release, but Cask overexpression did not change the insulin-secretion suppression induced by nifedipine. In pancreatic islet beta cells, CASK knockdown reduced the anchoring of insulin vesicles to cell membranes. Conclusions/interpretation The induction of beta cell insulinsecretion defects by fatty acids is mediated, at least in part, by FOXO1 via downregulation of Cask expression. It is characterised mainly as an obstruction of the anchoring of insulin granules to beta cell membranes.
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Introduction
Glucose homeostasis requires the overall balance of cell proliferation and apoptosis or cell death of pancreatic beta cells. All types of diabetes have the common feature of islet beta cell dysfunction specifically manifested as disorders of insulin synthesis and/or secretion [1] [2] [3] .
The increased global incidence of type 2 diabetes is closely related to obesity [4, 5] . In obese individuals, the levels of plasma NEFA are significantly elevated [6] . Excessive accumulation of adipose tissue and increased size of fat cells and NEFA release leads to lipid metabolic disorder [7] . The insulin resistance of peripheral tissues such as liver, fat and muscle results in apoptosis and the dysfunction of insulin secretion of beta cells [8] , but its exact molecular mechanism is still unclear.
Endoplasmic reticulum stress induced by lipotoxicity causes beta cell injury, and transcription factor forkhead box O1 (FOXO1) is a key regulatory factor in this process [9] . Activation of FOXO1 is necessary for fatty-acid-induced apoptosis in pancreatic beta cells, while the inhibition of FOXO1 can effectively protect islet beta cells from the toxic effects of fatty acids [10, 11] . Previously, we used palmitate-treated MIN6 cells as a model of apoptosis, and chromatin immunoprecipitation (ChIP) coupled to a DNA selection and ligation technology to identify 189 genes to which the FOXO1 protein bound [12] . The Cask gene was identified as one of the target genes of FOXO1.
Calcium/calmodulin-dependent serine protein kinase (CASK) is a member of the membrane-associated guanylate kinase (MAGUK) protein family. Members of this family are involved in both the development of the nervous system and the exocytotic function of neurotransmitters [13] [14] [15] . Cask is also highly expressed in pancreatic islets and beta cell lines [16] . As the processes of insulin secretion in islet beta cells are similar to the processes involved in the release of neurotransmitters from neurons [17] , we investigated the regulation of Cask by FOXO1 in pancreatic islet beta cells. In addition, we examined whether these proteins are involved in the development of high-fat-induced beta cell dysfunction, and if they have any effect on the exocytotic action of insulin granules.
Methods
Reagents For details of reagents and suppliers, see the electronic supplementary material (ESM) Methods.
Cell culture and fatty acid administration The rat insulinoma cell line INS-1 [18] culture method is described in detail in the ESM Methods. Cultured cells were treated with drugs as described or, as a control, DMSO<0.1% (vol./vol.). For fatty acid administration, INS-1 cells were incubated in modified 1640 medium with 0.5% (wt/vol.) BSA alone or with different concentrations of palmitate for the indicated times. Fatty acids at 0.4 mmol/l were prepared as previously described [19] .
Real-time PCR Total RNA was extracted using Trizol reagent (Invitrogen, Grand Island, NY, USA). Complementary DNA synthesis was performed using 1 μg total RNA and an avian myeloblastosis virus (AMV) reverse transcription system. Quantitative (q)RT-PCR was performed using the SYBR Green PCR Master Mix and LightCycler480 II Sequence Detection System (Roche, Basel, Switzerland). All data were analysed using β-actin gene expression as an internal standard. The sequences of primers are shown in ESM Table 1 .
Western blot analysis INS-1 cells were lysed with ice-cold lysis buffer and complete proteinase inhibitor mixture. After protein content determination and separation with 12% (wt/ vol.) SDS-PAGE, western blotting was performed, as described previously [20] , using antibodies against FOXO1 (diluted 1:1,000), pancreatic and duodenal homeobox-1 (PDX-1) (1:2,000), CASK (1:1,000), NEUROD (1:8,000), V-maf musculoaponeurotic fibrosarcoma oncogene family protein A (MAFA) (1:1,000) and α-tubulin (1:8,000) in 2.5% (wt/vol.) non-fat dried milk in Tris-buffered saline with Tween-20 (TBST) buffer.
Immunocytofluorescent staining INS-1 cells were cultured as described above, and then seeded onto polylysine-coated glass cover slips with indicated drugs. Immunocytofluorescent staining was performed as described previously [20] .
Plasmid construction The DNA fragment containing the rat Cask promoter region (−1,885 bp to −726 bp) was amplified by PCR from rat genomic DNA using the Pyrobest PCR kit (Takara, Otsu, Japan). The PCR products were then subcloned into the KpnI and SacI sites of the pGL3-promoter vector to construct the pGL3-basic-rat-Cask-promoter plasmid or subcloned into the XhoI and SalI sites of the pE green fluorescent protein (GFP)-N2 vector (Promega, Madison, WI, USA) to construct the pEGFP-N2-Cask plasmid and then the integrity of the plasmid was confirmed by sequencing. The primers are listed in ESM Table 2 . The CA-Foxo1 ADA plasmid was constructed as described previously [21] .
ChIP assay Preparation of chromatin from INS-1 cells and subsequent ChIP assays were done with a ChIP assay kit (Upstate Biotechnology, NY, USA) as described in the ESM Methods. The presence of the selected DNA sequence was assessed by PCR using primers framing the rat Cask promoter region of interest (−1,842 to −1,580 bp, 263 bp), which was predicted and analysed using MatInspector/MatBase provided by Genomatix to have an abundance of Foxo1 conserved domain TRTTTAY: forward primer 5′-CCCGAAAGAAGACA AAGTG-3′ and reverse primer 5′-GAAGATTCAGCCTATT TCCC-3′.
Cell transient transfection and luciferase assay To investigate the transcriptional activity of Cask in INS-1 cells after palmitate treatment and the effect of FOXO1 on Cask gene transcription, we used pRL-SV40 as an internal control. The INS-1 cells were transiently transfected with two or three plasmids using the Lipofectamine 2000 reagent: pGL3-basic-rat Cask promoter and PRL-SV40; or pGL3-basic-rat-Cask promoter together with either control pCMV5 vector plasmid or pCMV5-Foxo1 expression plasmid and PRL-SV40. The former cells were treated with palmitate for the indicated times and then prepared for luciferase determination according to the protocol of the dual-luciferase reporter assay system. The latter cells were lysed and assayed for luciferase activity 24 h after transfection. The control pCMV5 vector plasmid or pCMV5-Foxo1 expression plasmid were obtained from our laboratory stock: the sequences and preparation have been described in detail previously [21, 22] .
RNA interference Specific small interfering (si)RNAs and control siRNA were designed and synthesised by RiboBio (Guangzhou, China). INS-1 cells and islets were transiently transfected with siRNA using Lipofectamine 2000 reagent (see the ESM Methods for further details). After further incubation for 48 h, the cells were harvested for evaluation of insulin secretion and mRNA expression or protein levels, and islets were harvested for potassium-stimulated insulin secretion (KSIS) and electron microscopy. The siRNAs used in the study are described in ESM Table 3 . We also used adenovirus-mediated RNA interference (RNAi) with AdsiFoxo1 (obtained from our laboratory stock-the sequences and preparation have been described in detail previously [21, 22] ) to knockdown FOXO1 in INS-1 cells.
KSIS assay INS-1 cells (7.0×10
4 cells/well) were cultured in 48-well plates and treated with the indicated drugs for 48 h. After incubation for 1 h in glucose-free KRB buffer (see the ESM Methods for details) and drug solutions, the cells were treated for 1 h in KRB buffer and drug solutions with low glucose (2.8 mmol/l) and KCl (50 mmol/l), which can cause closure of K + ATP channels, depolarisation of the plasma membrane, increased cytoplasmic calcium concentrations through voltage-gated calcium channels, and exocytosis of insulin granules. The supernatant fractions were obtained for insulin concentration determination using RIA as described previously [23] .
Islet isolation, culture and electron microscopy All animal studies were performed according to guidelines established by the Research Animal Care Committee of Nanjing Medical University. Male 8-week-old Sprague Dawley rats and db/db mice were purchased from Nanjing Medical University Laboratory Animal Center and National Resource Center for Mutant Mice (NRCMM). Islet isolation and culturing techniques have been described previously [24] . After culture, counting and equilibration, the islets were harvested and fixed in 2.5% (vol./vol.) glutaraldehyde for 1 h at 4°C, treated with 1% (wt/vol.) osmium tetroxide, dehydrated and embedded in Durcupan (Sigma-Aldrich, Stockholm, Sweden). Ultra-thin sections (70-90 nm) were put on Cu grids and contrasted with uranyl acetate and lead citrate before examination by electron microscopy (JEM 1230; JEOL, Tokyo, Japan).
Statistics Comparisons were performed using ANOVA for multiple groups or the Student's t test for two groups. Data were presented as mean±SEM. A value of p<0.05 was considered statistically significant and significance is shown on the figures.
Results
Palmitate treatment enhances expression and transcriptional activity of Foxo1 Using qRT-PCR and western blotting, we demonstrated that treating INS-1 cells with different concentrations of palmitate for 12 h or with palmitate (0.2 mmol/l) for 6 h, 12 h or 24 h led to a dramatic increase in Foxo1 expression; the increase in mRNA was approximately 2.5-to 3.0-fold with 0.4 mmol/l palmitate or incubation for 24 h (Fig. 1a-d) . To explore whether this upregulation was associated with the activation of the Foxo1 promoter region, we used a luciferase reporter plasmid: the Foxo1 promoter binding sites 6× Daf-16 family protein-binding element (DBE) that had been constructed previously [12] . The result revealed that the transcriptional activity of Foxo1 increases with palmitate treatment (Fig. 1e, f) . Moreover, the expression of Foxo1 mRNA was increased by about 40% in islets from db/db mice (Fig. 1g) .
Palmitate treatment suppresses expression and transcriptional activity of Cask To evaluate the effects of palmitate on Cask expression, cells were incubated with different concentrations of palmitate for 24 h or with 0.2 mmol/l palmitate for 12 h, 24 h or 36 h. The expression of Cask mRNA was reduced to approximately 60% compared with the control (Fig. 2a, b) , and this reduction was confirmed by western blotting (Fig. 2c, d) . Similarly, the expression of Cask mRNA was reduced to about 55% in db/db mice islets (Fig. 2i) . A luciferase reporter plasmid (pGL3-basic-rat Cask promoter) was constructed that contained the Cask gene transcriptional site (−1,885 bp to −726 bp). The luciferase assay revealed that the transcriptional activity of Cask decreases with palmitate treatment (Fig. 2e, f) . However, palmitate treatment had no observable impact on the cellular location of CASK (Fig. 2g, h ).
Negative regulation of Cask by FOXO1 with palmitate stimulation To assess the effect of FOXO1 on Cask activity, a pair of primers was designed that demarcated a region of the Cask gene that included the Cask promoter and the FOXO1 binding sites (upstream −1,842 bp to −1,580 bp). Then ChIP was performed using FOXO1 antibody. The results show that the promoter activity of Cask was enhanced with transfection of plasmid (CA-Foxo1 ADA) and a slight increase of the binding of FOXO1 to this region with palmitate treatment (Fig. 3a, b) .
When the PCMV5-Foxo1 overexpression plasmid [12] and the pGL3-basic-rat Cask promoter were co-transfected into INS-1 cells, the transcriptional activity and expression of Cask were significantly suppressed (Fig. 3c, d) . By using the Foxo1 interference adenovirus AD-siFoxo1 [12] , the decline in Cask mRNA and protein level caused by palmitate treatment could be partly reversed, but there was no change observed in the location of CASK (Fig. 3e-h ). These results suggest that FOXO1 may have indirect and pleiotropic effects in fattyacid-induced islet beta cell damage by modulation of Cask gene transcripts.
But does Foxo1 act alone to suppress the Cask gene or does it require a co-repressor? The siRNAs specific to Ncor (also known as Ncor1, and encoding nuclear receptor co-repressor [NCOR]) and Smrt (also known as Ncor2, and encoding silencing mediator of retinoic acid and thyroid hormone receptor [SMRT]) were designed and synthesised. NCOR and SMRT are the best characterised co-repressors, and are involved in regulatory pathways ranging from genomic stability to metabolic diseases [25] . The data showed that interfering with Smrt consistently increased the expression of Cask, which was not changed after Ncor knockout (Fig. 4c) , suggesting that SMRT may be involved in Foxo1-mediated suppression of Cask transcription.
Impaired Cask expression mediates fatty-acid-induced insulin secretion defects To further elucidate the mechanism involved in Cask-mediated beta cell dysfunction, five Cask siRNAs and Cask overexpression plasmid pEGFP-N2-Cask were designed and synthesised. Following western blotting verification, two siRNAs and the overexpression plasmid were used in the subsequent experiments (Fig. 5a, b) . As expected, the data showed that siCask-1, siCask-5 and palmitate significantly (Fig. 5c, d) ; the Cask overexpression plasmid partially reversed this reduction in KSIS (Fig. 5e) .
Analysis of the role of CASK in the palmitate-induced insulin secretion dysfunction To assess the role of CASK in the palmitate-induced insulin-secretion dysfunction, INS-1 cells were treated with palmitate, Cask overexpression plasmid or both. The expression of insulin synthesis genes encoding PDX-1, MAFA and neurogenic differentiation factor (NEUROD) was reduced with palmitate treatment, which failed to reverse with the upregulation of Cask expression (Fig. 6a) . Furthermore, overexpression of Cask did not alter the inhibition of exocytosis resulting from incubation with the calcium-channel blocker nifedipine (Fig. 6b) . In addition, knockdown of CASK attenuated the forskolin-enhanced insulin release that activates the cAMP/protein kinase A (PKA) pathway (Fig. 6c) . However, in INS-1 cells stimulated with high potassium, the fluorescence intensity of CASK in cell membranes was significantly enhanced, indicating that CASK moves from the cytoplasm to the membrane (Fig. 6d) .
Knockdown of CASK attenuated the anchoring of insulin granules to cell membranes In vitro, the SH3 domain of CASK combines with actin-binding protein 4.1, which binds with F-actin, a contractile protein involved in nucleation and aggregation, and links the extracellular matrix with the intracellular cytoskeleton [26, 27] . To determine whether the effect of CASK on insulin secretion was associated with F-actin, we used FITC green fluorescent-labelled CASK and tetramethylrhodamine isothiocyanate (TRITC)-phalloidin fluorescent-labelled F-actin. As shown in Fig. 7a-c , CASK had a low co-localisation with F-actin, and potassium had no effect on the optical distribution and morphology of F-actin, blotting (c, d) . The transcriptional activity of Cask promoter was analysed using a luciferase assay (e, f) and the location of CASK was analysed by immunocytofluorescent staining, the images were recorded at a magnification of ×400 (g, h). The expression of Cask in db/db mice was detected by real-time PCR (i). Values are means±SD and are representative of three individual experiments.*p<0.05 and **p<0.01 vs controls even in cells in which CASK was upregulated or silenced. However, in Cask-silenced cells F-actin filaments exhibited a more decentralised distribution phenotype (Fig. 7c) .
Transmission electron microscopy showed no significant changes in the shape, size and total number of vesicles in Cask-silenced cells compared with the controls, yet significantly fewer vesicles were observed to be anchored on the cell membranes (Fig. 7d, e) . Furthermore, the insulin secretion level was significantly decreased in Cask-silenced rat islets (Fig. 7f) .
Discussion
Our findings demonstrate that FOXO1 mediates pancreatic beta cell dysfunction by downregulating Cask expression, providing a mechanism to link lipotoxicity to type 2 diabetes. This pathway seems to affect the anchoring of insulin granules to the cellular membrane and so reduces exocytosis. The pathogenic effects of FOXO1 may occur when its protein levels are sufficient, after being induced by long-term hyperlipidaemia, to downregulate Cask gene expression. Altering the level of CASK protein partly blocks this pathogenic effect, which suggests a major role for CASK in the mediation of FOXO1 effects.
Pancreatic beta cell dysfunction can be characterised as a defect of insulin synthesis and/or secretion. Studies have indicated that abnormal regulation of the insulin synthesis pathway and lipotoxicity generated by diet or NEFA [28, 29] could contribute to type 2 diabetes individually or in combination. However, the modulatory mechanisms are still incompletely understood. FOXO1 is a key molecule involved in beta cell stress response, proliferation and apoptosis [10, 30] ; we had previously identified Cask as a downstream FOXO1 target gene [12] . CASK protein interacts with its target proteins through its PDZ domain, SH3 domain, the C-terminal region or the CaMK domain, and participates in the construction of the cytoskeleton and cell junctions; it is involved in signal transduction, the regulation of gene expression, the release Fig. 7 Knockdown of CASK attenuated insulin granules anchoring to cell membranes. INS-1 cells were treated with 50 mmol/l KCl for 24 h or were transiently transfected with control plasmids and pEGFP-N2-Cask for 48 h, or control siRNA and siCask-5 for 48 h, respectively (a-c). The locations of CASK and F-actin were analysed by immunocytofluorescent staining. Rat islets were transiently transfected with control siRNA and siCask-5 for 48 h, then treated with 50 mmol/l KCl for 2 min. Exocytosis of insulin granules was analysed by transmission electron microscopy; the images were recorded at a magnification of ×10,000 (d) and the total number of insulin granules was determined (e). Rat islets were transiently transfected with control siRNA, siCask-1 and siCask-5 for 48 h and the level of insulin was detected by RIA (white bars, 2.8 mmol/l glucose; black bars, 50 mmol/l KCl) (f). Values are means±SD and are representative of three individual experiments. *p<0.05 vs control siRNA. NS, not significant of neurotransmitters and the development of neurons [15, 31] . The similarities of the insulin exocytotic compound and the release assembly of neurotransmitters [17, 32, 33] , and the abundant expression of Cask in isolated islets and pancreatic beta cell lines [16] , made the interactions between FOXO1 and Cask worth investigating. In this study, the expression and the transcriptional activity of Cask were downregulated by palmitate. Also Cask silencing suppressed insulin secretion in INS-1 cells and primary islets, suggesting that CASK may be involved in insulin secretion by pancreatic beta cells. Furthermore, we demonstrated that FOXO1 could bind to the Cask gene promoter. The binding was enhanced by palmitate, confirming that FOXO1 has a negative regulatory effect on Cask. Moreover, interfering with Smrt increased the expression of Cask, suggesting that SMRT probably acts as a corepressor for Cask with FOXO1, a potential relationship that needs further investigation. Nevertheless, Cask overexpression could partially reverse the reduction of KSIS induced by palmitate. These findings open up the possibility that a single transcriptional factor might provide a pathway that allows cellular cytoskeletal proteins to fine tune beta cell insulin release. Thus, FOXO1 may have a critical role in beta cell function.
The exact mechanism underlying the role of CASK in insulin synthesis and the transportation, anchoring and secretion of insulin granules then becomes a key question. In the current study, the expression of three critical insulin synthesis genes encoding MAFA, NEUROD and PDX-1 [34] were downregulated with palmitate treatment. That the downregulation was not reversed by overexpression of Cask indicates that multiple biological processes were modulated, excluding the association of CASK protein. This was in accordance with the phenotype that loss of Cask affected insulin secretion in just 1 h of KSIS.
We then focused on the preparation of the secretory phase of insulin (i.e. the transportation, anchoring and exocytosis of insulin granules). Here, we established a connection between CASK and the exocytosis of insulin granules. We examined the effect of treatment with an adenylate cyclase agonist (forskolin) and a calcium-channel blocker (nifedipine) on the regulation of Cask levels. Forskolin activates the cAMP/PKA pathway to significantly increase membrane depolarisation and induce insulin secretion [35] , while nifedipine could inhibit insulin secretion triggered by intracellular calcium. In this study, the findings that the promotion of insulin release with forskolin was suppressed by Cask gene silencing and that the inhibition of insulin secretion with nifedipine was not affected by Cask overexpression indicate that Cask is potentially responsible for insulin secretion in the exocytotic process of the granules. Its role was confirmed by the finding that silencing Cask led to deficiencies in both basal and stimulated insulin secretion. Moreover, our results demonstrated that, with high potassium stimulation, CASK moves from the cytoplasm to the plasma membrane, and hinted that CASK is involved downstream of the insulin-secretion pathway. Optically, CASK did not change between intranuclear and extranuclear locations. Although the significant reduction in Cask expression and increase in Foxo1 were confirmed in db/db miceresults from INS-1 cells require caution when being interpreted in a wider context-we attempted to validate our results in other pancreatic cell lines and Cask conditional knockout mice.
F-actin, a cytoskeleton protein, prevents the anchoring and fusion of insulin vesicles in the plasma membrane [26, 27] . It can combine with CASK-SH3 through protein 4.1 in the haemocyte [24] . Therefore, the indirect combination of CASK and F-actin in cell membranes might regulate insulin secretion and have a potential role in palmitate-induced beta cell dysfunction. In our studies, CASK appeared to induce the local assembly of F-actin, resulting in a more localised distribution of F-actin. In addition, CASK seemed to reduce the obstructing effect of F-actin on the anchoring and fusion of granules during exocytosis. Using electron microscopy, we showed that knockdown of CASK blocked the anchoring of insulin granules in islets, suggesting that FOXO1 plays a central role in translating environmental lipotoxic stress from NEFA to the genomic regulation of beta cell function. This regulation might be effected via a modulation of Cask expression, affecting the ability of CASK to combine with other secretion-related cytoskeletal proteins to obstruct the exocytosis of insulin granules.
In conclusion, our study reveals that FOXO1 expression is inducible by some pathogenic factors of diabetes, and overexpression leads to beta cell failure. Importantly, our results link overnutrition and reduction in Cask gene expression to the pathological effects in type 2 diabetes through the elevation of FOXO1. This study broadens our understanding of the pathophysiological development of diabetes and describes a novel regulatory pathway involving transcriptional factors as intermediaries between environmental stress and disease phenotypes.
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